Here, we demonstrate a new type of microphotoreactor formed by a liquid-core optofluidic waveguide fabricated inside aerogel monoliths. It consists of microchannels in a monolithic aerogel block with embedded anatase titania photocatalysts. In this reactor system, aerogel confines core liquid within internal channels and, simultaneously, behave as waveguide cladding due to its extremely low refractive index of ~1. Light is confined in the channels and is guided by total internal reflection (TIR) from the channel walls. We first fabricated L-shaped channels within silica aerogel monoliths (ρ= 0.22 g/cm 3 , n=1.06) without photocatalyst for photolysis reactions. Using the light delivered by waveguiding, photolysis reactions of methylene blue (MB) were carried out in these channels. We demonstrated that MB can be efficiently degraded in our optofluidic photoreactor, with the rate of dye photoconversion increasing linearly with increasing power of incident light. For photocatalytic transformation in this reactor system, titania particles were successfully embedded into the mesoporous network of silica aerogels with varying amount of the titania in the structure from 1.7 wt % to 50 % wt. The presence of titania and its desired crystalline structure in aerogel matrix was confirmed by XRF, XRD patterns and SEM images. Band gap of silica-titania composites was estimated from Tauc plot calculated by Kubelka-Munk function from diffuse reflectance spectra of samples as near expected value of ≈ 3.2 eV. Photocatalytic activity and kinetic properties for photocatalytic degradation of phenol in the channels were investigated by a constant flow rate, and longer-term stability of titania was evaluated.
INTRODUCTION
Optofluidic microreactors where photochemical reactions are carried out in solutions in microfluidic channels in the presence of light are attracting increasing attention for a wide variety of applications ranging from detection of toxic chemicals to diagnosis of biological entities [1] [2] [3] [4] . The maximized overlap between light and samples in small volumes enables highly-efficient photochemistry at optical powers less than in conventional systems with improved spatial irradiation homogeneity and better light penetration through the reaction volume compared to conventional large-scale reactors [3, [5] [6] [7] . Various types of optofluidic microreactors have been described in the literature. A variety of optofluidic microreactors reactors have been described in the literature which consist of microchannels in a flat plate, which is covered by a window. Light is delivered to such microreactors by external irradiation through planar transparent glass covers. Li et al. [8] designed a micro-capillary based microreactor by using capillaries with an inner diameter of 200 μm. The inner wall of the capillary was coated with a TiO 2 (titania)/SiO 2 film. The degradation of aqueous methylene blue in the capillary was investigated by externally irradiating the capillary with a light source from the outside. However, this external irradiation may not be ideal for utilization of the light since a significant fraction of light was absorbed by the outer part of the photocatalyst layer, which reduced the efficiency of the photocatalytic degradation. In some other studies, microchannels were fabricated on glass, polymer and ceramic substrates using several etching methods such as photolithography, dry/wet etching and micro/nano imprinting. For instance, Matsushita et al. [9] designed a single straight microchannel the bottom of which was covered with a TiO 2 thin film loaded with Pt particles to carry out photodegradation, reduction of organic compounds as well as amine N-alkylation by externally irradiating the reaction system. Gorges et al. [10] used a microreactor with 19 branched parallel microchannels. A nanoporous TiO 2 film was immobilized and a UV-LED array was fixed above the area of the branched channels. Furthermore, planar microreactors have been utilized for further improvement of the light utilization of the surface of microfluidic chips. Lei et al. [11] designed a planar microreactor by using two nanoporous TiO 2 -coated glasses as the cover and substrate and a 100 μm-thick epoxy layer as the spacer and sealant. Similarly, Ahsan et al. [12] utilized a planar microfluidic platform to study the kinetics of photocatalytic water-splitting. They used glass slides, which were coated with a Pt-TiO 2 photocatalyst prepared by a sol-gel method. Furthermore, Meng et al. [13] developed a new approach for fabrication of the planar microreactor by using electrospun nanofibrous TiO 2 sealed between polydimethylsiloxane (PDMS) substrate and a glass slide. An alternative way to deliver light to an optofluidic microreactor through the reaction medium may be using optofluidic waveguides. In this approach, the external wall of the microchannel should be made out of a suitable material which confines the reaction medium and also behaves like waveguide cladding. Aerogels are highly porous nanostructured materials that can be produced as macroscopic monoliths with unique properties such as extremely low refractive index, high surface area to volume ratio, and high porosity [14, 15] . These properties, particularly the low refractive index of ~1.05, make aerogels a remarkable solid-cladding material without any additional coating since almost all liquids have refractive indices exceeding that of aerogel. Aerogel-based optofluidic waveguides are constructed by opening microchannels inside monolithic aerogel blocks. Following surface treatment, the channels are filled with a suitable liquid that serves as the core liquid without any restriction on the type of liquid and the type of aerogel that can be used, as long as the liquid can be confined inside the aerogel block without penetrating its network. Due to the low refractive index of aerogels, light can be uniformly propagated by total internal reflection (TIR) in the reaction medium inside the channel in an aerogel with low losses similar to conventional optical fibers [14, 16] . Photocatalytic reactions are another interesting area for the potential application of aerogel-based optofluidic waveguides. Their high porosity and high surface area with interconnected open pore structure, combined with a fully tunable three-dimensional structure, make aerogels effective for photocatalyst deposition in their structure, thus potentially improving photocatalytic activity. Microchannel walls in an aerogel monolith are porous and photocatalysts can be immobilized within these pores with good adhesion to the solid network. The light can be partially absorbed in the near-surface region of the photocatalysts immobilized in the pores of the wall. Thus, the reactants can possibly be converted into desired products on the catalyst surface, effectively driving the reactions. Based on this concept, we demonstrate a new type of aerogel-based optofluidic microreactor in this study. It consists of a single channel in a monolithic aerogel block with embedded photocatalysts for carrying out photochemical reactions using the light delivered to the reaction medium by an optical waveguide based on TIR. In this reactor system, aerogel confines the liquid reactant within internal channels and, simultaneously, behaves as waveguide cladding due to its extremely low refractive index of ~1. Light is confined in the channels and is guided in a controlled manner by the aid of liquid core optical waveguides based on TIR from the channel walls. We successfully show that our photoreactor is well suited for light-driven photolysis of a model organic compound -methylene blue (MB) dye -by the light guided along the full length of the channel and we characterize the efficiency of dye photoconversion as a function of the incident light intensity. We also reveal that our photomicroreactor is well suited for photocatalytic degradation of phenol over titania. Photocatalytic activity and kinetic properties for photocatalytic degradation of a compound (phenol) in the fabricated channels using light delivered by waveguiding are investigated by a constant flow rate, and longer-term stability of titania is evaluated.
MATERIALS AND METHODS

Synthesis of silica aerogels
Silica aerogels were synthesized using a two-step sol-gel process followed by aging of so-called alcogels in a Tetraethylorthosilicate (TEOS) (98%; Sigma Aldrich) containing aging solution and extraction of the solvent from the porous alcogel network, or drying of the alcogel. TEOS was used as the silica precursor and it was initially hydrolyzed with water in the presence of ethanol (≥ 98%; Sigma Aldrich) as the cosolvent and HCl (0.06 M in ethanol; Riedel-de Haen) as the acid catalyst. After addition of the acid catalyst, the solution was continuously stirred at room temperature for 1 h and transformed to a sol. Subsequently, NH 4 OH (0.1 M in ethanol; Sigma Aldrich) was added to the sol as the base catalyst to adjust the solution pH such that the rate of silanol condensation increased eventually leading to gelation of the solution. The molar ratio of TEOS/ethanol/water/HCI/NH 4 OH used in the alcogel synthesis was 1:4:3:0.0023:0.009. After gelation, the resulting alcogels were subsequently soaked in aging solution (40 v/v % TEOS, 10 v/v % water, 50 v/v % ethanol) at 50 ºC in an oven for 24 h. The samples were further kept in TEOS aging solution at room temperature for 3 days. The alcogels were washed in fresh ethanol for 3 days to remove any impurities and water remaining in the pores of the alcogels. As the last step, the alcogels were dried at 40 ºC and 100 bar with supercritical CO 2 (scCO 2 ) for 6 h. The monolithic and crack-free aerogels were produced from the same batch.
Synthesis of silica-titania aerogels
Silica-titania aerogels were synthesized by addition of anatase titania powder into the sol during the sol-gel step, and followed by gelation and extraction of the solvent from the porous alcogel network. The sol was prepared as described in Section 2.2 with the molar ratio of 1:4:3:0.0023:0.009 (TEOS/ethanol/water/HCI/NH 4 OH) and the titania particles was added to obtain the weight percent of titania in silica in a range from 1.7 wt % to 50 wt%. The solution was continuously stirred at room temperature for 2 h and transformed to a sol comprising uniformly dispersed titania particles. Afterwards, NH 4 OH (0.25 M in ethanol; Sigma Aldrich) was added to the sol as the base catalyst to initiate condensation reactions and eventually gelation of the solution occurred. The resulting gels were immersed in 50:50 (v%) solution of ethanol and water at 50 ºC in the oven for 24 h. Following the aging step, the alcogels were washed in fresh ethanol for 3 days to exchange solvent remaining in the pores to ethanol. Lastly, the silica-titania alcogels were dried at 40 ºC and 100 bar with supercritical CO 2 (scCO 2 ) for 6 h.
Surface modification with HMDS
The obtained aerogels are hydrophilic due to the presence of the polar hydroxyl (OH) groups within their porous framework which promote high capillary stress and water adsorption once they are in contact with water. Therefore, the aerogel samples were transformed into the hydrophobic ones by replacing the hydrophilic surface groups with hydrophobic groups. The surface of the synthesized silica aerogel monoliths was rendered hydrophobic using hexamethyldisilizane (HMDS) (≥ 98%; Merck) vapor at 110 ºC as the surface modification agent in a tightly sealed container. Monolithic, crack-free hydrophobic aerogels were obtained. After silanization of surface silanol groups with HMDS vapor, hydrophobicity of the samples was determined by measuring water contact angle on the silanized aerogel surface.
Characterization of silica aerogels
Average pore size, pore size distribution and BET surface area of the samples were determined using nitrogen physisorption (Micromeritics ASAP 2020). Samples were initially left to degas at 300 o C under vacuum for 1 day to remove remaining impurities from the surface. The pore analysis was performed using N 2 adsorption/desorption isotherms with a relative pressure (P/P 0 ) ranging from 10 −7 to 1 atm. The surface area of the samples was determined by Brunauer-Emmett-Teller (BET) method and the pore volume and pore size distributions were determined by Barrett−Joyner−Halenda (BJH) analysis from the N 2 adsorption−desorption isotherms. Total pore volume of the sample was determined by converting adsorbed N 2 volume at STP to liquid N 2 volume at 77 K. The synthesized silica-titania aerogels attained their high porosity and pore volume as well as high surface area. Table 1 shows the pore volume and BET surface area of the composites and a typical native silica aerogel (ρ≈0.15 g/cm 3 ). The surface area of the samples decreases with increase of the titania amount in the network. The surface area decreased from 949 m 2 /g for the native silica aerogel to 443 m 2 /g for the sample with 50 wt% TiO 2 . Similarly, the pore volume of the native silica aerogel decreased from 4.3 cm 3 /g to 2.9 cm 3 /g with 50 wt% TiO 2 . However, Figure 4a indicates that the pore diameter of the samples does not exhibit significant changes as compared to pore diameter of the native silica aerogel. The N 2 adsorption/desorption isotherms of the silica aerogel and samples are additionally given in Figure 4b . It is clearly observed that both the silica aerogel and samples show type IV isotherms with distinct capillary condensation steps, which shows that they are typical mesoporous materials with three-dimensional network. Furthermore, band gap of the silica-titania composites was estimated from Tauc plot in Figure 4c calculated by KubelkaMunk function, F(R), in Eq. (1) from diffuse reflectance (R) spectra of samples using UV-visible reflectance spectroscopy. Using this technique, the anatase titania band gap was observed near expected value of ≈ 3.2 eV [17] . Figure 5 represents the XRD patterns of the silica-titania composite aerogels with varying amount of TiO 2 . The silica aerogel is amorphous without any diffraction peaks, whereas the silica−titania composite aerogels show broad diffraction peaks at 25°, 38°, 48°, 54°, 55°, 63°, 69°, 70°,and 75°, which correspond to (101), (004), (200), (105), (211), (204), (116), (220), and (215) reflection planes of anatase titania, respectively [18] . Figure 5 reveals that the peaks corresponding to the anatase phase become more intense with increase of the amount of titania. 
Photode
Methylene Photocatalytic activity and kinetic properties for photocatalytic degradation of phenol in aqueous solutions in the fabricated channels using light at 366 nm delivered by waveguiding were investigated by a constant flow rate, and longer-term stability of titania was evaluated. Concentration of the solution at the exit stream of the channel in dark was firstly investigated to explore if the phenol was adsorbed on the channel walls. Figure 7a shows that concentration of phenol solution remained almost constant in dark for 60 min with a little variation. The photodegradation of phenol was then investigated by photolysis experiments at 366 nm in a native silica aerogel monolith without titania particles. Figure  7b reveals that conversion of phenol remained constant as a function of time during photolysis, which indicates that a decrease in phenol concentration at 366 nm in silica-titania composites is due to photocatalytic degradation of phenol rather than due to photolytic degradation. Figure 7c and Figure 7d demonstrate that our photomicroreactor is well suited for photocatalytic degradation of phenol over titania. The concentration of phenol decreased as function of time on the channel walls over titania at a constant flow rate of 12.4 µL/min. The phenol concentration remained constant within 10 min and the reactor system henceforth operated at steady state. their low refractive index -allows them to be used as the cladding material of TIR-based optofluidic waveguides with aqueous liquid cores that do not require any additional coatings. Post-synthesis modification of the prepared aerogel monoliths rendered the aerogel surface hydrophobic. Thus, aqueous solutions of methylene blue and phenol serving both as the waveguide core liquid and the reaction medium could be confined inside a channel embedded in the aerogel, without being adsorbed on the channel walls or compromising the monolithic structure of the aerogel. We directly visualized TIR-assisted light propagation along liquid-filled channels fabricated in aerogel blocks and verified that light could be efficiently guided even along paths with a non-linear geometry. Subsequently, we have successfully shown light-driven photolysis of methylene blue by the light guided along the full length of the photoreactor channel. For the studied range of the incident light power, quantitative analysis of the dependence of the relative conversion of the dye on the incident power indicated a linear trend. Lastly, photocatalytic activity and kinetic properties for photocatalytic degradation of a compound (phenol) in the fabricated channels with embedded titania particles using light delivered by waveguiding were investigated by a constant flow rate. It was successfully demonstrated that our photomicroreactor is well suited for photocatalytic degradation of phenol over titania.
